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Absolute triple-differential probabilities for the emission of 8 electrons in the near-symmetric col-
lision system 10-MeV F?* 4 Ne, for g =6, 8, and 9, have been measured as a function of the impact
parameter, the 8-electron energy, and the 8-electron emission angle. The impact-parameter depen-
dence of these probabilities features for all observed collision systems, electron energies, and emis-
sion angles a sharp rise to a constant maximum at about 1.5 times the neon K-shell radius r¢ and
fall off for impact parameters b > ry somewhat exponentially with increasing electron energy. For
an electron emission at 52.5° with respect to the beam axis this energy dependence is distorted by the
occurrence of a binary-encounter peak. The 8-electron emission probabilities show a strong asym-
metry for electrons emitted in forward beam direction. A comparison of the experimental data ob-
tained in 10-MeV F°*+Ne at an electron emission angle of 90° with a recent semiclassical-
approximation-type calculation shows discrepancies in both the impact-parameter dependence and
in magnitude of the emission probabilities. However, the energy dependence is reproduced reason-
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ably well in this model.

I. INTRODUCTION

During the last decade a large number of experiments
have been undertaken to investigate the emission of 6 elec-
trons, i.e., electrons ejected in the primary collision pro-
cess in ion-atom collisions.!~!> These electrons, emitted
from a specific atomic state, often provide a more direct
insight into the collision mechanisms and atomic struc-
tures involved than the observation of secondary decay
products (photons, Auger electrons) from the ionized tar-
get.

A mechanism responsible for the production of & elec-
trons is the direct Coulomb ionization. When a charged
particle (ion) passes through or near an atom, the most
prominent interaction is the Coulomb attraction between
the ion and the orbital electrons of the target. This in-
teraction causes the electrons to be “pulled out” of the
atom, provided the energy given to it is enough to raise it
from its binding in the potential well of the target nucleus
to the continuum. Since the Coulomb interaction is well
understood, these experiments provide useful information
for comparison with various theoretical models. Howev-
er, since mostly total, singly, and doubly differential cross
sections as a function of 8-electron energy and emission
angle for proton impact!~"!%1213 and for a few heavier
projecti]esg'g'11 in gaseous targets have been obtained, only
information on the final result of such an ionization pro-
cess can be extracted; knowledge about the dynamics of
the ionization process itself cannot be easily deduced.

Only recently results became available that have been
obtained by applying stricter conditions on the experimen-
tal collision system. Weiter and Schuch'® reported on the
energy distribution of 8 electrons from the argon K shell
following proton impact, and Cocke et al.!! for the first
time measured the impact parameter dependence of 6 elec-
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trons in S9% + Ar, g=5 and 11, collisions. While both
experiments require the use of coincidence techniques, the
latter is of special interest, since fixing the impact parame-
ter allows one to determine the momentum carried into
the collision by the projectile and thus provides an impor-
tant piece of information about the kinematics of the ioni-
zation process itself. Cocke et al. found an increase of the
5-electron emission probability with increasing impact pa-
rameter, but did not measure far enough to observe a max-
imum. A comparison of their results with theoretical
models proved difficult, since the influence of electrons
carried into the collision by the projectile on the probabili-
ty is not well determined.

In the light of this situation, we chose to investigate the
8-electron emission probability more thoroughly. Col-
lisions of 10-MeV fluorine ions with a gaseous neon target
have been chosen as the subject of the experiment, since
various aspects of this system have been studied over the
last years by several groups at Kansas State Universi-
ty.!4=17 Therefore previous results are readily available,
and the experimental procedure is well understood. Our
goal was to obtain triple-differential probabilities for the
emission of 8 electrons from collisions of lithiumlike, hy-
drogenlike, and bare fluorine ions with neon as a function
of the impact parameter, the 8-electron energy and the 8-
electron emission angle.

II. EXPERIMENTAL PROCEDURE

A. Technique

A beam of fluorine ions of charge state =3+ from
the Kansas State EN Tandem Van de Graaff was ac-
celerated to an energy of 10 MeV. After poststripping in
10-ug/cm? C foils the beam was magnetically charge-state
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FIG. 1. Experimental set up to measure coincidences between
scattered fluorine projectiles and neon & electrons. The spherical
sector electron analyzers can be rotated to detect electrons emit-
ted at 52.5°, 90° or 127.5° with respect to the beam axis. Scat-
tered particles are registered in a position-sensitive parallel-plate
avalanche detector (PPAD).

selected to g=6 +, 8 +, or 9 +. On the way to the tar-
get gas region the beam was passed through two magnetic
quadrupoles and a magnetic deflector and was, over a
length of 750 cm, tightly collimated by three adjustable
slit systems (typically open to 3X3 mm? 1.5X 1.5 mm?
and 1X 1 mm?), the last one serving as a beam scraper to
reduce slit scattering, and passed through an aperture of 2
mm diameter, which was the only connection between the
beam line and the scattering chamber (see Fig. 1). The
neon gas was brought into the separately pumped interac-
tion region through a hypodermic needle (d=0.5 mm).
The pressure in the beam line during experiments was
better than 5 10~7 Torr. The pressure in the interaction
region was always kept low enough that charge-changing
collisions played no role and was estimated' to be 150 to
200 mTorr in the target region over a beam length of 3 to
4 mm. ’

Scattered projectiles were detected by a 16-annulus
position-sensitive  parallel-plate  avalanche  detector
(PPAD), which has been described elsewhere.!® This
detector has a ring geometry allowing one to detect simul-
taneously scattered particles over an impact-parameter
range b ., ~10by;, with a resolution Ab/b~5%. It has
been used to register scattered projectiles which have been
deflected between 3.5 and 42 mm over a flight path of 450
cm, thus detecting scattering events for the system 10
MeV F?* 4 Ne with impact parameters between 0.05 and
0.45 a.u. Since only the angle into which the projectile is
scattered, not the impact-parameter b, is experimentally
accessible, and calculations give probabilities as a function
of the impact parameter, a relation between these two
quantities has to be established. For a pure Coulomb in-
ternuclear potential, one obtains the well-known relation-
ship

 ZZ
2ES™ tan( %ecm )
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where 6™ is the center-of-mass scattering angle and
E™ is the center-of-mass energy. In the present collision
system, the validity of pure Rutherford scattering for
small scattering angles cannot be assumed due to the
screening of the target electrons. An exponentially
screened potential of the form

V=Vgunexp(—r/a)

has to be applied to the problem, using a screening param-
eter a=0.52 a.u. deduced from an experimentally obtained
scattering function."

Electrons emitted at an average angle of 52.5°, 90°, and
127.5° with respect to the beam direction were energy
analyzed with two identical electrostatic spherical sector
analyzers located opposite to each other on both sides of
the ion beam. Electrons were registered by channel elec-
tron multipliers. The electron energy resolution of the
analyzers was chosen to be ~2.5% and the effective solid
angle subtended by each spectrometer was 5X 1072 sr.
Both spectrometers could be moved on their support
beams perpendicular to the ion beam axis without break-
ing the vacuum, thus ensuring that the focusing points
coincide in one single point in the intersection of the ion
beam and the gas jet and thus define a unique source
volume for both analyzers. The target region and the
spectrometers were confined in a closed u-metal cylinder
with apertures for the beam, the gas jet and pumping
holes to assure the compensation of stray magnetic fields.

Electrons were detected in coincidence with scattered
projectiles using a standard fast-slow coincidence tech-
nique. The electron energy was scanned simultaneously
with both electron spectrometers over a range of 200 to
1500 eV with a low repetition rate (< 10™% Hz). Data
were stored as electron spectra, scattered-particle spectra,
and coincidence [time-amplitude conversion (TAC)] spec-
tra in pulse-height analysis on floppy disks and in a time-
correlated three-parameter list mode on magnetic tape.

Before and after every data-taking run, and after every
change of focusing of the beam or other beam properties,
the amount of slit scattering was determined. Contribu-
tions from slit scattering to the total number of scattered
projectiles were typically 10 to 15 % for scattering angles
smaller than 4 X 1073 rad, for larger scattering angles they
amounted to 30 to 50 %. All data presented here were
corrected for these contributions.

B. Data evaluation

The following collision systems have been investigated
to determine the &-electron emission probabilities as a
function of the impact parameter b, the 6-electron energy
Ej§, and the -electron emission angle &:

10-MeV F°* 4+ Ne, ®=90°,

10-MeV F?* + Ne, &=90°,
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FIG. 2. Impact-parameter dependence for the neon §-electron emission probabilities at ®=90°+21° for lithiumlike fluorine projec-
tiles at 10 MeV. The impact parameter is subject to an uncertainty of +5%, the 8-electron energy is uncertain within +40 eV.

and

10-MeV F°* +Ne, ®=52.5°, 90°, and 127.5°.

The data stored on magnetic tape were sorted into win-
dows of the TAC spectrum and projected on regions of
the scattered-particles spectrum, yielding, after the sub-
traction of random coincidence events, spectra of &-
electrons truly coincident with scattered projectiles as a
function of the scattering angle.

Since the position and energy of the neon K-Auger hy-
persatellite and satellite lines are known,'*~!7 the coin-
cident electron spectra can be energy calibrated. Windows
of 80 eV width are chosen around 8-electron energies Eg,
and the number of & electrons Ng(b,E5,P) within these
windows are determined and normalized to a window
width of 1 eV.

The probability for the emission of 8 electrons per col-
lision event is given by

Ns(b,Es,®) 1 1
P(b,Es,®)= — ,
(b.E5,®) N,(b) € dQ,

where N,(b) is the number of off-the-target gas scattered
projectiles detected at a scattering angle 0, and €, and dQQ,

are the efficiency and solid angle of the electron spectrom-
eters. The efficiency €, was not determined directly, but
since the absolute probabilities as functions of the impact
parameter for the production of the neon K-Auger satel-
lite and hypersatellite electrons are known,'*~!7 the data
in the experiment presented here could be normalized to
these known probabilities via

Ns(b,Es,P)

P(b,Es, &)=
(6B ®)=""1 ")

Py 22
K(b) Es a

(1/eV sr), where Ng(b) is the observed number of coin-
cident Auger electrons, Pg(b) is the corresponding abso-
lute probability for the production of K-Auger electrons,
Ey/E§ is a correction factor to compensate the constant
AE /E of the electron spectrometers, and « is a normaliza-
tion constant correcting the probabilities for the finite size
of the solid angle of the electron spectrometers and the
width of the window in electron energy chosen to deter-
mine  Ng(b,Es,®) (a=dQ,/80=5%10"2/80=6.25
X 1074).

To obtain Ng(b) from the sorted and projected coin-
cident electron spectra, several methods had to be applied.
In the collision system F°* 4+ Ne, ®=90" and 127.5", the
number of & electrons underlie the peaks of K-Auger elec-
trons in the coincident electron spectra is almost negligible
compared to the number of Auger electrons. Thus Nk(b)



28 TRIPLE-DIFFERENTIAL PROBABILITIES FOR THE . . . 3271
0 MeV F8®* ~ Ne
® = 90°

M T v T o T T T T T T T T T T Y T T T T T r T

- Ey = 150 eV Ep= 275 eV Ep= 435 eV Ey = 535 eV Ey = 975 eV E, = 12C0 eV {
03]
T R 3
2 1 | | *
A B { } t i { ]
a |o4 L { } } {1} { { *1{ { 5
: F R s
: | } }f ]
g 0 { H f ‘
* 08 ”1 m i
.; E { i { é
£ I { ‘ ]
LL’ o -
N s

E— 3

l0-7 P SR 1 P S | N S | PN S S PR o, Ly

00 02 0400 02 04 00 02 04 00 02 0400 02 0400 02 04

Impact

Parameter b (a.u)

FIG. 3. Same as in Fig. 2, but for hydrogenlike fluorine projectiles.

could be obtained directly from these spectra. In the case
of F®* and F®* impinging on neon, the § electrons under
the K-Auger peaks contribute less than 20 and 10 %,
respectively, to the Auger electrons. This contribution is
well within the statistical error of the count rate and thus
no elaborate procedure was necessary to correct for these
effects. However, in the case of electron emission at beam
forward angles, i.e., F°+ + Ne, ®=52.5° a distinct contri-
bution of 8 electrons underlie the K-Auger peaks. To
compensate for these electrons, a fit program written by
M. Stockli'® was used to obtain Nk (b).

Py (b) was obtained from a smooth-curve fit to the ex-
perimental data points for the K-K charge transfer'*—!7
and the values corresponding to this curve were used.

This normalization did yield a constant efficiency
€,~10% of the electron spectrometers over the whole
range of electron energies covered. As a control measure,
the obtained Nk(b) were divided by N,(b). The relative
probabilities thus obtained for K-Auger electron emission
reproduce the shape of the K-K transfer probabilities
within statistical errors.

During the data-evaluation process the §-electron ener-
gies become subject to an uncertainty of +40 eV. Com-
pletely within this margin lies an uncertainty due to the
Doppler shift of the electron energy.’® Owing to the con-

struction of the spherical sector spectrometers, the angles
at which the electrons can be detected cover a range of
90°+21° 127.5°%£7.5° and 52.5°+7.5° with respect to the
beam direction. The uncertainty in the S-electron emis-
sion probabilities is given for each data point in Figs. 2—6.
Three main features contribute to this uncertainty, the sta-
tistical error in Ng(b,Eg,®), the statistical error in Ng(b),
and the uncertainty of Pg(b).!>~1

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Results

The obtained triple-differential probabilities P(b,Eg,P)
for the emission of & electrons can be presented in three
ways:

(a) As a function of the impact-parameter b, indicating
the internuclear distance at which the emission of &-
electrons is most likely;

(b) as a function of the 8-electron energy Ej, yielding
the energy distribution of § electrons;

(c) as a function of the §-electron emission angle ®, pro-
viding information about the angular dependence of the
5-electron emission.

(a) 6-electron emission probabilities as functions of the
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impact parameter b. The impact-parameter dependence of
the 8-electron emission probability for all investigated sys-
tems is presented in Figs. 2—6. Several features can be
readily observed.

Independent of the 8-electron energy Ejg, the 8-electron
emission angle ®, and the charge state of the incoming
projectile, the 8-electron emission probability rises sharply
with increasing impact parameter to a maximum value
and then falls off somewhat exponentially. The maximum
value of the emission probabilities is located at about
0.15+0.02 a.u. and seems (within experimental errors) to
shift slightly to smaller impact parameters for decreasing
S-electron energy. This region of maximum emission
probability coincides with the adiabatic radius for K-shell
electrons of neon for these collision systems, i.e.,
r.q(K)=0.146 a.u., but does not seem to scale with a mean
impact parameter estimated by using the Massey criterion
on the basis of strong variations in screening as a function
of 8-electron energy.?"?> However, the sharp rise to this
maximum for increasing impact parameters cannot, at the
present time, be attributed to screening effects. Experi-
ments to clarify this feature are desirable and in the pro-
cess to be undertaken. In the cases where the effects of
projectiles with different charge states on the &-electron
emission probability have been investigated, i.e., 10 MeV
F?* 4+ Ne, g=6, 8, 9, =90, it was found that the emis-
sion probability does not increase with the number of elec-
trons brought into the collision. The values for
P(b,Eg,®) obtained in collisions involving F®*+ and F**
as projectiles lie about 10 to 15 % and 5 to 10 %, respec-
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tively, below those obtained from collisions of F°t+ with
neon, which can be understood as due to screening effects
by the projectile electrons.?"?2 This confirms results ob-
tained by Cocke et al.,'' namely, that target electrons are
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FIG. 8. Angular dependence for the neon §-electron emission probability at b=0.16 a.u. for bare fluorine projectiles at 10 MeV for
Es=275 and 1100 eV in a polar diagram. For uncertainties see Fig. 2.
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the major contributors to the 8 electrons emitted at 90°.

(b) 8-electron emission probabilities as functions of the
S-electron energy Es. For 6-electron emission angles
®=90° and 127.5°, the emission probabilities P(b,Eg,®P)
fall off exponentially with increasing 8-electron energy Ejg
for all observed collision systems and all impact parame-
ters (a typical example is shown in Fig. 7). This shape has
its origin in the momentum distribution of the target elec-
trons and is explained by Weigold,”> McCarthy and
Weigold,” Garcia,”® and by Rudd.?® Incidentally, the
shape of P(b,Es,®) vs E5 of our experiment coincides
with the one given by Rudd within 20%, however, the ap-
plicability of Rudd’s arguments (i.e., slow collision, MO
picture) to the neon L-shell electrons in this collision sys-
tem has to be questioned.

For the system 10-MeV F°+ 4 Ne, ®=52.5°, the emis-
sion probability as a function of the 8-electron energy Ej
falls off exponentially with approximately the same slope
as in the previous cases for §-electron energies smaller
than 600 eV. Above this energy the binary-encounter
peak starts to play a major role (Fig. 7). Within the sta-
tistical errors this peak seems to become shallower and
less wide for increasing impact parameters, indicating that
the “hardness” of the collision with maximum momentum
transfer to the electron decreases.

(c) b-electron emission probabilities as functions of the
6-electron emission angle ®. The angular dependence of
the -electron emission probability was investigated in the
system 10-MeV F°* 4 Ne, ®=52.5°, 90°, and 127.5° with
respect to the beam direction.

In Fig. 7 the emission probability as a function of Ej is
given for all three emission angles at b=0.16 a.u. The
probability at ®=127.5° is a factor 3 lower than at 90°.
For E5 <600 eV, the probability at $=52.5° is a factor
1.5 above the one at 90°. Above this energy the binary-
encounter peak is the major contributor to P(b,Es,®) for
®=52.5°. If the same set of data is viewed in a polar dia-
gram (Fig. 8), the strong asymmetric distribution of the
emitted § electrons in the beam-forward direction becomes
obvious.

B. Theoretical considerations

In general three theoretical models describe the direct-
Coulomb ionization by swift, point-chargelike projectiles.

They are the plane-wave Born approximation
(PWBA),2’ 30 the binary-encounter approximation
(BEA),’'~% and the semiclassical approximation
(SCA).}6—#

While the SCA is based on an impact-parameter formu-
lism by treating the trajectory of the projectile in a classi-
cal way and the projectile-target electron interaction quan-
tum mechanically, the other two models in their original
structure obtain cross-sections differential in electron en-
ergy and emission angle only. Based on the framework of
the BEA, McGuire and Richard** obtained an extended
model describing the ionization probability as a function
of the impact parameter for ground-state hydrogenic tar-
get electrons and formulated appropriate scaling laws.

However, for the present collision system 10-MeV
F?* 4 Ne, neither sudden limit arguments of the above
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at 10 MeV, compared to a theoretical SCA calculation (Ref. 46).
For experimental uncertainties, see Fig. 2. The theoretical
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of 20%.

models, nor adiabatic limit arguments of the MO-model
are entirely valid. Numerous additional assumptions and
correcting terms have been applied to extend the BEA,
PWBA, and SCA into the region of this experiment,“4
among them are corrections for the distortion of the clas-
sical Coulomb trajectory, recoil and binding effects, and
for united-atom effects.*

The only available set of theoretical values to be com-
pared to the experimentally obtained data of the present
work is an SCA-type calculation performed by Traut-
mann.*® §-electron emission probabilities as a function of
the impact parameter b, the §-electron energy Es, and the
8-electron emission angle ® have been calculated for the K
shell and all L subshells of neon for im-
pinging 10-MeV F°* with ®=90° by using relativistic hy-
drogenic wave functions, hyperbolic trajectories, and bind-
ing and recoil corrections. The theoretical values are sub-
ject to an uncertainty of 20% and are compared to the ex-
perimental data in Figs. 9 and 10. Large discrepancies ex-
ist in the magnitude and the impact-parameter dependence
of the §-electron emission probabilities. The steep drop
for decreasing impact parameters b smaller than 0.15 a.u.
especially is not predicted by theory (Fig. 9). However,
the energy dependence of the emission probabilities is
reproduced within experimental errors (Fig. 10). The in-
corporation of united-atom corrections, which causes the
K- and L-shell electron emission probability for the
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present collision system to be lowered by a factor of 2 to
4, and the use of Hartree-Fock wave functions might
reduce the discrepancies between experimental and
theoretical values. Such calculations will be available in
the near future.*

IV. CONCLUSION

The absolute triple-differential probabilities for the
emission of § electrons in 10-MeV F?* + Ne, for ¢g=6, 8,
and 9, have been measured as a function of the impact pa-
rameter, the 8-electron energy and the 8-electron emission
angle. The probabilities show a strong asymmetry in for-
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ward beam direction due to electron originating in hard
collisions with maximum momentum transfer to the elec-
tron (binary-encounter peak). For lower §-electron ener-
gies the energy dependence takes an approximately ex-
ponentially decaying shape due to the momentum distri-
bution of the target electrons. The impact-parameter
dependence of the emission probabilities shows a strong
peak at an impact parameter of about 1.5 times the K-
shell radius (0.38 times the L-shell radius) of neon. A
steep rise to this maximum, previously observed by Cocke
et al.,'! was also found in this collision system. On the
average about five § electrons are emitted per collision.

Further experiments to clarify the direct ionization pro-
cess in ion-atom collisions are necessary. Among them
are coincidence measurements between 8 electrons and
charge-state analyzed recoil ions, or § electrons, scattered
particles, and recoil ions. The not-well-understood steep
rise of P(b,Es,®) to its maximum for increasing impact
parameters might be due to a dominant capture process of
the neon L-shell electrons by the projectile. An experi-
ment measuring the charge state and scattering angle of
the projectiles coincident with & and Auger electrons
could clarify this process.

A comparison with a theoretical calculation based on
the framework of the SCA reproduces the energy depen-
dence of the &-electron emission probability, but shows
large discrepancies in the impact-parameter dependence
and in the magnitude of the probabilities. The constant
position of the maximum of P(b,Eg,®) vs b in all investi-
gated collision systems is not understood. Further im-
provements of theoretical models, especially their exten-
sion into the region of this experimental collision system
where neither adiabatic nor sudden limit arguments are
valid, are highly desirable.
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